Neuropeptide Y administered intracerebroventricularly and into the paraventricular nucleus of the hypothalamus stimulates feeding and decreases brown adipose tissue thermogenesis. Although specific neuropeptide Y antagonists are not yet available, previous studies had shown that the opioid antagonist naloxone blocked neuropeptide Y-induced feeding when both drugs were injected intracerebroventricularly. We wanted to find out if naloxone injected into specific brain sites would block neuropeptide Y effects on feeding and brown fat thermogenesis. Rats were double injected in specific brain sites with neuropeptide Y and either naloxone or naltrexone (a congener of naloxone). Food intake and brown fat measures were assessed. Naloxone or naltrexone in the paraventricular nucleus weakly 
Introduction
Neuropeptide Y (NPY)' was first characterized in 1982 by Tatemoto et al. (1 ) and is the most abundant peptide in the brain (2) . Centrally administered NPY is a powerful stimulus for feeding, whether in deprived or sated rats (3) (4) (5) . The arcuate nucleus contains NPY producing cell bodies which project to the paraventricular nucleus (PVN), and the PVN is densely populated with NPY nerve terminals (6) . Deprivation results in increased NPY in the PVN (7) and NPY mRNA levels (8) in the arcuate nucleus. Recently, Kalra. et al. have shown that release of NPY in the PVN rises before a meal and falls in response to that meal (9) .
NPY also affects energy expenditure. PVN and intracerebroventricular (ICV) NPY injections increase lipoprotein lipase activity in white fat, thereby promoting energy storage, and concurrently decrease uncoupling protein (UCP) activity in brown fat, which may result in less energy wastage (10, 11) . These metabolic effects of NPY are independent of the feeding status of ad-libitum fed NPY treated animals as the same results are found in pair-fed and food-deprived NPY-treated animals. NPY has also been shown to reduce sympathetic nervous system activity to brown fat ( 12) . Thus it appears that NPY is involved in the regulation of feeding and energy expenditure, and the overall metabolic effect of NPY is energy storage. The mechanisms by which NPY exerts these effects on energy metabolism are not fully elucidated.
Opioids have been shown to be involved in the regulation of feeding. Naloxone, an opioid receptor antagonist, decreases food intake (13) and opioids increase food intake (14, 15) . Naloxone given peripherally and intracerebroventricularly also reduces NPY-induced food intake (4, 16, 17) . The effect of naloxone on brown fat activity is unknown. Injection of 3-endorphin has been reported to decrease sympathetic firing rate to BAT ( 18) which would presumably decrease brown fat activity. However, we found no effect of /3-endorphin on brown fat UCP gene expression (unpublished observations). Although NPY is not an opioid and therefore would presumably not bind to or alter opioid receptors, it may affect opioidergic transmission in exerting its effects on feeding and brown fat.
Our purpose in these studies was to attempt separation of the metabolic effects of NPY administration into the PVN. The rationale was that although several energy metabolism effects are produced by NPY-increased food intake, decreased thermogenesis, and increased white fat storage-these effects can be presumed at some point in the efferent pathway to have separate neural substrates and therefore separate regulation and perhaps different associated neurotransmitters. Lacking a specific antagonist for NPY itself, and based on previous experience indicating that the unrelated opioid antagonist naloxone could block NPY actions, we proposed that opioid blockade might block one component of the NPY effect, such as feeding, and not another, such as brown fat thermogenesis. We of the filter and placed in a gamma counter to determine "2I levels'for each sample. Sample levels were compared with standards which had been run on the same filter and used to generate a standard curve relating bound UCP to UCP levels. UCP antibody was generously supplied by Dr. Jean Himms-Hagen. UCP concentrations were corrected for the percent recovery of mitochondria. Mitochondrial recovery was determined by comparing the mitochondrial mass in known volumes of homogenate and final mitochondrial preparations as reflected by the activity of the mitochondrial marker enzyme, cytochrome c oxidase. Cytochrome c oxidase activity was assayed as previously described (24) .
Specific experimental protocols
Experiment I: the effect of PVN and peripheral naloxone on PVN NPYinduced feeding. PVN cannulated rats received each of the following treatments with at least 5 h between each session: (a) PVN saline followed by PVN saline, (b) PVN saline followed by 1 jig PVN NPY, (c) 50 jig PVN naloxone followed by 1 tzg PVN NPY, (d) 100 jig PVN naloxone followed by 1 jig PVN NPY, and (e) 5 mg/kg subcutaneous (s.c.) naloxone followed by 1 jg PVN NPY. Food intake was measured at 1 and 2 h after injection.
Experiment H1: the effect of PVN naltrexone on PVN NPY-induced feeding and brown fat activity. PVN cannulated rats were randomly assigned to four treatment groups: (a) saline followed by saline, (b) saline followed by 1 jig NPY, (c) 50 jIg naltrexone followed by 1 ug NPY, or (d) 50 jig naltrexone followed by saline. Injections were given every 6 h for 24 h. Food intake and brown fat UCP message and protein levels were measured.
Experiment 111: the effect of peripheral naloxone on ICV NPYinduced feeding and brown fat activity. ICV cannulated rats were randomly assigned to three treatment groups: (a) s.c. saline followed by ICV saline, (b) s.c. saline followed by 5 Ag ICV NPY, and (c) 5 mg/ kg s.c. naloxone followed by 5 Ag ICV NPY. The peripheral injections were given every 2 h for 24 h and the ICV injections were given every 6 h for 24 h. Food intake and brown fat UCP message and protein levels were measured.
Experiment IV: the effect of 4thV naloxone on PVN NPY-induced feeding. Rats fitted with two cannulas, one into the 4thV and one into the PVN were given four treatments: (a) 4thV saline followed by PVN saline, (b) 4thV saline followed by 1 Ag PVN NPY, (c) 10 jig 4thV naloxone followed by 1 jg PVN NPY, and (d) 50 Ig 4thV naloxone followed by 1 jg PVN NPY. Each rat received each treatment at least once with 2 1 d between treatments. Food intake was measured at 1 and 2 h after injection.
Experiment V: the effect of NTS naltrexone and NTS saline on food intake and brown fat activity. NTS cannulated rats were randomly assigned to 2 treatment groups and received either saline or 50 jig naltrexone into the NTS every 6 h for 24 h. Food intake and brown fat UCP message and protein levels were measured.
Experiment VI: the effect of NTS naltrexone on PVN NPY-induced feeding and brown fat activity. Rats were implanted with two cannulas: one into the PVN and one into the NTS, and were randomly assigned to three treatment groups. The treatments were as follows: (a) NTS saline followed by PVN saline, (b) NTS saline followed by 1 ,ug PVN NPY, or (c) 50 jg NTS naltrexone followed by 1 jg PVN NPY.
Injections were given every 6 h for 24 h. Food intake and brown fat UCP message and protein levels were measured.
Statistical design and analysis
Experiments I and IV. In the analysis of these data, we first compared the saline group to the NPY group (no opioid antagonist) to evaluate whether NPY stimulated food intake. For all other comparisons, the no treatment (saline) group was eliminated from the analysis so that we could more accurately analyze the effect of opioid antagonist on NPYinduced feeding (only the NPY-treated and opioid antagonist plus NPYtreated animals were included). The data were analyzed by a randomized compact block ANOVA (block = rat, compacted variable = food intake) followed by Duncan 50 jig PVN naloxone + PVN NPY, and 100 jig PVN naloxone + PVN NPY treated groups showed a significant main effect of PVN naloxone on PVN NPY-induced feeding (F = 3.702, P < 0.05,). Naloxone significantly reduced PVN NPY-induced food intake (0-2 h) when 100 jig were injected PVN and 5 mg/kg were injected subcutaneously (P < 0.01). The peripheral naloxone was clearly more potent at suppressing NPY induced feeding than either dose of PVN naloxone. Values represent grams of chow and are expressed as mean±SEM. * P < 0.01 compared with SAL and NTX groups. * P < 0.05 compared with NPY group. n = 6-8 rats per group. Experiment I. In this experiment, rats were coinjected with NPY±naltrexone into the PVN every 6 h for 24 h. Naltrexone, a congener of naloxone, significantly decreases NPY-induced feeding for 6 h after ICV injection of naltrexone and NPY (0-6 h food intake: sal + NPY treated rats: 8.3±0.9 grams; naltrexone + NPY treated rats: 4.4±0.8 grams; P = 0.0006). PVN NPY significantly increased feeding at 2 h and all subsequent cumulative feeding intervals (P < 0 .05, Fig. 1 ). PVN naltrexone did not significantly reduce PVN NPY-induced food intake (P > 0.05, Fig. 1 ). There was no significant difference in total food intake in the NPY-treated and NPY + NTX treated animals at study's end. PVN NPY significantly increased brown fat pad weight (P < 0.05) and PVN naltrexone did not block this increase. UCP mRNA and UCP protein levels were significantly decreased (P < 0.01 ) in the NPY treated group and PVN naltrexone did not block this decrease (Fig. 2) . Thus, PVN naltrexone weakly blocked PVN NPY-induced feeding and did not alter NPY's effect on brown fat. Experiment III. In this experiment, rats were injected with ICV NPY every 6 h and naloxone peripherally (subcutaneous, s.c.) every 2 h. Peripheral naloxone significantly decreased ICV NPY-induced food intake (ANOVA F = 7.443, P = .0044, Table I ). In addition, peripheral naloxone significantly blocked ICV NPY-induced increase in brown fat pad weight and ICV NPY suppression of UCP gene expression (P < .05, Table I ). UCP protein levels were significantly decreased by ICV NPY (P < .05, tion, there were no significant differences in brown fat pad weight, brown fat UCP mRNA levels or UCP protein levels between saline and naltrexone treated animals (Table II) . Experiment VI. In this experiment, rats were injected with naltrexone into the NTS and with NPY into the PVN every 6 h for 24 h. As shown in Fig. 4 , the food intake of the naltrexone+NPY-treated animals was significantly lower (P < 0.05) than that of the NPY treated animals and was not significantly different from the controls. In addition, naltrexone in the NTS blocked PVN NPY-induced alterations in brown fat. The BAT pad weights of the saline and naltrexone + NPY treated animals were similar and lower than that of the NPY treated animals, although these differences were not statistically significant. The UCP message levels were significantly higher (P < 0.05, Fig. 5 ) in the saline and naltrexone + NPY treated animals than in the NPY treated animals.
Discussion
The neural pathway by which NPY induces feeding is not known. NPY affects energy balance (25) and decreases brown adipose tissue thermogenesis ( 11) by decreasing sympathetic nervous system activity to brown fat (12) . The purpose of the present experiments was to examine the neural pathway by which NPY affects energy balance. Our first experiment was based on previous observations indicating that naloxone (2.3-50 yg) in the PVN decreases deprivation-induced food intake (26, 27) . Further, naloxone administered ICV was reported to block NPY-induced feeding at doses of 10 (16) and 25 I.g (17) .
PVN naloxone administration effects on PVN NPY-induced feeding had not been previously tested. We thought PVN naloxone would block PVN NPY-induced feeding and hypothesized that naloxone may also reverse NPY's effects on brown fat, namely an increase in BAT weight and a decrease in UCP gene expression and UCP level.
However, in experiments I and II, naloxone or naltrexone given into the PVN had a relatively weak effect on PVN NPYinduced feeding and no effect on brown fat (Figs. 1 and 2) , indicating that the PVN is not the site at which naloxone or naltrexone antagonize NPY effects. We have not ruled out an effect of high dose PVN naltrexone on PVN NPY-induced changes in brown fat activity, but it is clear that any such effects will be at doses higher than seen with ICV naloxone blockade of ICV NPY feeding effects (4, 16, 17) . These data suggest that the PVN is relatively insensitive to naloxone and naltrexone blockade with respect to PVN NPY-induced feeding and BAT effects. It is unlikely that antagonism of opioid receptors at NPY's site of action (PVN) importantly affects PVN NPY effects on feeding or brown fat.
In experiment I, peripheral naloxone was more effective at blocking PVN NPY-induced feeding than the highest dose of naloxone given into the PVN. In experiment mII, peripheral naloxone clearly blocked ICV NPY-induced feeding and changes in brown fat (Table I) . Thus naloxone more potently blocked PVN NPY effects when given peripherally than when given into the PVN. This suggests that naloxone acts either at some other brain site (as naloxone is able to cross the blood brain barrier) or that naloxone acts in the periphery to block NPY's effects. Based on evidence indicating a central (vs. peripheral) role for opioids in feeding (14, 28), we hypothesized that naloxone acts at a central site (other than the PVN) to block NPY's effects.
Several studies indicate that the hindbrain is involved in feeding (29) which led us to test whether naloxone administered into the fourth ventricle would antagonize PVN NPY-induced feeding. As shown in Fig. 3, 50 jig naloxone in the fourth ventricle blocked the feeding effect of NPY in the PVN in the first hour after administration. Based on this indication that the hindbrain may be involved in NPY-induction of feeding, we next chose to examine the nucleus of the solitary tract, a hindbrain structure. The nucleus of the solitary tract receives descending PVN neural projections that are involved in feeding (30, 31) , and the NTS contains relatively high concentrations of mu and kappa opioid receptors (32) . Naltrexone alone in the nucleus of the solitary tract did not impact feeding or brown fat activity (Table II) . However, administration of naltrexone into the NTS resulted in complete blockade of PVN NPYinduced increases in feeding (Fig. 4) , and blocked NPY-induced reduction in brown fat activity as measured by UCP message levels (Fig. 5) ..
We also attempted to separate the feeding and metabolic effects of NPY. However, in all experiments we found the feeding and metabolic effects to be inversely related. This fits with the hypothesis of Bray and colleagues that there is a reciprocal interaction between food intake and the sympathetic nervous system (SNS) that has been observed for several peptides (33) . In this hypothesis, feeding results in increased SNS activity which then provides a feedback signal to the brain to cause cessation of feeding. This hypothesis is consistent with the present data because food was allowed ad-libitum in all experiments. However, in previous studies in our laboratory, we have found that the effect of NPY on brown adipose tissue thermogenesis is independent of food intake as the same results are found in food deprived and pair-fed NPY treated rats (10, 11). Thus the increased feeding observed after NPY, although inversely related to the effect observed in the BAT (decreased BAT activity), must not be responsible for the effect observed in the BAT, indicating the existence of separate neural pathways for NPY effects on feeding and thermogenesis.
The results of the present experiments suggest that NPY may exert its effects on feeding and brown fat through opioidergic pathways in the NTS. One hypothesis for the mechanism by which this may occur is depicted in Fig. 6 (29, 36, 37) . The AP lies adjacent to the caudal NTS and the two structures innervate each other (38, 39). AP lesions result in increased consumption of palatable foods (40) and decreased glucoprivic feeding (41) . These lesions usually include the adjacent NTS and are often referred to as AP/NTS lesions. These data lend support to the idea that the NTS is involved in a feeding regulatory pathway.
There is increasing evidence of a central NPY-opioid connection in relation to feeding. Central administration of opioids increases feeding (14) , although the effect is not as strong as central NPY-induction of feeding. Naloxone and naltrexone decrease NPY-induced feeding (4). ICV pre-treatment with either norBNI (kappa opioid receptor antagonist) or fi-FNA (mu opioid receptor antagonist) significantly decreased NPY induced feeding, whereas NTI (delta opioid receptor antagonist) had no effect, suggesting that the mu and kappa opioid receptors may be involved in NPY's feeding effects (42 (46) . Increases in plasma NPY by naloxone administration has also been reported (47) .
In our interpretation of the present data, we hypothesize that the opioid receptors in the NTS are involved in an NPY efferent pathway affecting energy balance. It is also possible that the NTS is part of an afferent pathway that modulates hypothalamic NPY activity. The NTS has afferent projections to the hypothalamus and relays information from the periphery to the brain (48) . Thus there is the potential that feeding-related signals originating in the NTS may affect endogenous hypothalamic neuropeptide Y synthesis and release mechanisms, and blockade of NTS opioid receptors could impact these signals. However, we found no effect of NTS naltrexone on normal feeding or brown fat activity (Table II) . In the present studies we did not test this hypothesis of afferent modulation of NPY, but rather, we looked at blockade and non-blockade of the effects of exogenous NPY administered into the hypothalamic PVN.
Although the present studies implicate the NTS in NPY's effects on feeding and brown fat, other neural sites may be involved. For instance, the AP, which lies in close proximity to the NTS, receives second order neural projections from, and innervates, the NTS (29) . Also, substances injected into the NTS may diffuse into the AP (29) . Thus, the AP cannot be ruled out as a potential site involved in PVN NPY effects on energy balance. Several parabrachial subnuclei receive secondorder afferent projections from the NTS and the parabrachial nucleus also has efferent projections to the NTS (48) . The parabrachial nucleus has reciprocal neural connections with the AP and the PVN (48) , and has been reported to be involved in feeding (49, 50) and thus could also have a potential role in NPY's effects.
NPY may be involved in the etiology of obesity, a risk factor for several diseases. Brain NPYergic activity is increased in animal models of obesity (51), indicating a potential role for NPY in animal obesity. Whether NPY is involved in human obesity is speculative, but the effects of NPY-increased energy intake and decreased energy expenditure-parallel the predictors of human obesity. For instance, Pima Indians, an obesity prone population, have increased energy intake and it has recently been demonstrated by the doubly labeled water method that this group also have decreased energy expenditure (52) . The present data may help to broaden the knowledge base of NPY neural pathways in relation to energy balance, a preliminary step for the development of anti-obesity drugs.
In summary, the injection of PVN NPY may exert its effects on feeding and brown fat via opioid receptors in the NTS. This was demonstrated in the present experiments by the observation that NTS naltrexone blocked PVN NPY-induced feeding and inhibition of brown fat activity whereas PVN naltrexone had a weak effect on PVN NPY-induced feeding and no effect on PVN NPY reduction of brown fat activity. We did not demonstrate separate pathways for the feeding and metabolic effects of NPY, as blockade (or non-blockade) of NPY's feeding effect was accompanied by blockade (or non-blockade) of NPY's effect on brown fat activity (Table III) . Further investigation into PVN NPY neurotransmission is needed to determine whether other neural sites are involved, where the transmission of the NPY energy metabolism signal goes after the NTS, and whether the PVN NPY feeding stimulatory pathway and PVN 
